to the LTR Gypsy superfamily; Hamp, belonging to nonLTRs; and rosa, belonging to Class II or DNA transposons. Although the rosa clade has been previously described, it was considered to be a basal subfamily of the mariner family. Based on our phylogenetic analysis, including Tc1, mariner, pogo, rosa and Lsra elements from other insects, we propose that rosa and Lsra elements are subfamilies of an independent family of Class II elements termed rosa. The annotations obtained indicate that a low percentage of the assembled CBB genome (approximately 8.2%) consists of TEs. Although these TEs display high diversity, most sequences are degenerate, with few full-length copies of LTR and DNA transposons and several complete and putatively active copies of non-LTR elements. MITEs constitute approximately 50% of the total TEs content, with a high proportion associated with DNA transposons in the Tc1-mariner superfamily. 
Introduction
Hypothenemus hampei Ferrari (Coleoptera: Curculionidae), also known as the coffee berry borer (CBB), is the most devastating insect pest for coffee production worldwide. CBB action has a direct impact on the sustainability of coffee cultivation because the insect infests coffee beans, the marketable product. The damage caused by CBB affects both the quality and market price of affected coffee beans. This beetle species possesses a sexual determination system that is referred to as functional haplodiploidy (Brun et al. 1995) . The coffee berry borer was introduced into the Americas through Brazil presumably in 1913 in coffee seeds imported from Democratic Republic of Congo (Infante et al. 2014) and from there it colonized other coffee producing countries in the Americas and the Caribbean region. It is still unclear though, whether a single introduction of several lineages, or multiple introductions were the source of the insect in the Americas. Gauthier (2010) performed a worldwide CBB phylogenetic reconstruction using Bayesian methods and proposed the existence of four genetic populations (K1-K4). All the Americans (except from Jamaica) formed a single genetic group (K4). These findings suggest that few founder CBB genetic lineages were introduced into the Americas via Brazil and later dispersed across the Americas. This possible founder effect, along with an extreme inbreeding behavior (Gingerich et al. 1996) , may explain the low genetic diversity of this species in the continent (Andreev et al. 1998; Gauthier 2010; Benavides et al. 2005; Gil et al. 2014 ). Yet, neither the CBB reproductive behavior nor its low genetic variability has restricted its success in colonizing new crops and its spread among all coffee producing countries. Historically in Colombia, CBB population sizes fluctuate along the year according to local coffee bean densities across the country (Bustillo 2006) , but still, however, the highly diverse pattern of coffee bean production in the country ensures a significant overall CBB population size during all the year around.
The efforts to study the population genetics, structure and dynamics of CBB have been limited by the low genetic variation and high inbreeding of the species. Conventional molecular markers like microsatellites, AFLPs, SSCPs among others, used for population structure studies have been of little use due to their low discriminatory power.
Due to the economical relevance of this insect, a sequencing genomic project of the lineage infesting coffee cultures in Hawaii was envisioned in September 2010 by the United States Department of Agriculture (USDA) soon after CBB colonized the Kona region (Vega et al. 2015) . The reported results indicated a very low content of identifiable repeats and low-complexity regions (2.7%) and suggested that repeated sequences might be underrepresented in the assembly; however, no further analysis on the repetitive elements in this genome was performed. In addition, the National Center for Coffee Research of Colombia, CENICAFE, has also pursued a genome sequencing project, which is currently in the annotation phase, of the CBB variant in Colombia. As part of the effort to characterize the genome of CBB prevalent in Colombia, we have analyzed the global transposable element (TEs) content, contributing to a better understanding of their distribution and abundance in the genome of this important insect pest.
Due to their ubiquity, diversity and genomic impact, the identification and characterization of TEs in newly sequenced genomes is essential for better understanding genome structure and evolution. TEs are interspersed DNA sequences that move within the genome and have the capacity to propagate, reaching finally high proportions of the genome. In particular, insect genomes show great variability in TE content, varying from 2.7% in some Drosophila species (Clark and Eisen 2007) to as much as 47% in Aedes aegypti (Nene et al. 2007 ). Since there is no consensus to date for a universal TE classification system (Piégu et al. 2015) , for simplicity, we have followed the Wicker´s hierarchical system for TEs classification in eukaryotes (Wicker et al. 2007) . In this system, two classes of elements are defined according to their genetic and structural characteristics. Class I is composed of five orders: LTR retrotransposons, DIRS-like elements, Penelope-like elements (PLEs), long interspersed elements (LINEs) and short interspersed elements (SINEs). Class II is further divided into two subclasses. Subclass 1 (orders TIR and Crypton) comprises the classical 'cut-and-paste' TEs, which are characterized by terminal inverted repeats (TIRs) of variable length; Subclass 2 (orders Helitron and Polintons/Maverick) comprises 'copy-and-paste' elements exhibiting a transposition process that entails replication without double-stranded cleavage. In this hierarchical system, TEs are further classified into superfamilies according to widespread large-scale features and families (also called clades or lineages) defined by DNA sequence conservation. Additionally, elements can be autonomous (i.e., able to transpose) or non-autonomous (such as Class I, SINEs and miniature inverted-repeat transposable elements (MITEs) of Class II).
It is well established that TEs have important impacts on host genomes, both at the structural and functional levels (e.g., Pardue et al. 1997; Kidwell and Lisch 2000; van de Lagemaat et al. 2003; Wong and Choo 2004; Levin and Moran 2011) . Therefore, it is not surprising that these sequences are considered valuable tools for comparing genomes, elucidating recent genomic dynamics and making evolutionary inferences. In addition, transposon-based genetic approaches are useful in both higher and lower metazoans (e.g., transgenesis, forward genetic approaches, insertional mutagenesis or genetic population analysis), and are thus important tools of the genetic toolkit for several applications (Mátés et al. 2007 ).
The repetitive nature of TEs is one of the main difficulties for the correct assembly of genomes. In addition, the accurate detection and annotation of TEs is a difficult task because of their great diversity. A number of computational approaches and tools have been developed for identifying TEs in assembled genomes. Two main strategies, homology-based and de novo approaches (typically based either on their repetitive nature or on their structural signatures) are commonly used but the adoption of combined approaches has shown to be the best strategy for obtaining comprehensive and sensitive results (Permal et al. 2012; Platt et al. 2016) . Here, we present a detailed approach for the de novo characterization of TEs in the CBB genome aiming at providing basis for future studies on TE insertion polymorphisms that can help to characterize the populations´ genetic diversity.
Methods

Genomic information
The genome analyzed in this study was isolated from a CBB strain derived from a population from Pueblo Bello (Colombia) that has been maintained in a breeding facility of CENICAFE during 9 years. The genomic information used in this project is property of the National Coffee Growers Federation of Colombia and is protected by intellectual property agreements.
Two genome draft versions were used in this study. One version was produced by assembling reads resulting from 20-kb pair-end whole-genome shotgun sequencing (WGS) by 454-FLX Titanium pyrosequencing. This version was used to build the repeat library, yielding a total of 6,910,124 assembled reads and constituting a genome of approximately 197.3 MB. The library contains 75,017 contigs (rank size 200-36,179 bp), with an average length of 2629.5 bp, an N 50 value of 6931 bp and GC richness of 36%. The second set of sequences includes genomic information from tag-based next-generation Illumina sequencing technology obtained from a bacterial artificial chromosome (BAC) library. The genome constructed from this set of sequences has 25,643 scaffolds for a total consensus of 218.3 MB, with a rank size between 897 and 278,432 bp, an average contig-length of 8511 bp, an N 50 value of 27,956 bp and a GC content of 38%. The completeness analysis of the genome using annotation of core genes was carried out. The result gave a value around 90% of genome completeness.
Identification and annotation of TEs
We obtained data from combined independent sources, integrating results from multiple homology-based and de novo TE identification methods. The methods and tools utilized for de novo identification of Class I (LTR and non-LTR retrotransposons) and Class II elements in this study are applied as follows (Fig. 1) . Figure 2a summarizes the methods and tools used for the de novo identification of LTR retrotransposons. The LTRharvest (Ellinghaus et al. 2008) program was used for the de novo identification of LTR retrotransposons with the following parameters: seed value 100, minimum LTR size 100, maximum LTR size 5000, minimum distance between LTRs 1000, maximum distance between LTRs 20,000, similarity 85%, overlaps "best" option, rank size of target site duplication of 4-8 bp. Automated annotation of the internal features of the identified LTR retrotransposons was performed using the LTRdigest software (Steinbiss et al. 2009 ), adding the eukaryotictRNAs set from genomic tRNA database (GtRNAdb) (Chan Fig. 1 Flowchart showing the pipeline applied for the identification of TE canonical sequences using structural and homology-based approaches and their classification in the genome of CBB and Lowe 2009) and replacing its default hidden Markov model (pHMMs) profiles library with the non-redundant database of pHMMs from the Gypsy Database (Llorens et al. 2011 ; http://gydb.org/index.php/Main_Page), which is larger and more complete in pHMMs than the database associated with LTRdigest. Positive hits with pHMMs were visually inspected using the graphical desktop tool LTRsift (Steinbiss et al. 2012) ; this program permits better internal structure inspection of the predicted elements and helps filtering and classifying them in a functional manner. In addition to searching pHMMs in the predicted LTR retrotransposons, open reading frames (ORFs) from internal sequences (between LTRs) were identified using the ORF Finder Tool Server (http://www.ncbi.nlm.nih.gov/orffinder/) and blasted against the non-redundant (nr) database using the BLASTp program. Also, hits with conserved protein domains were detected (http://www.ncbi.nlm.nih.gov/Structure/cdd/ wrpsb.cgi).
Identification of transposable elements
Class I elements LTR retrotransposons
Clustering of sequences and subsequent generation of consensus was performed using the CD-HIT program (Li and Godzik 2006) considering a similarity of 80% following the Wicker's rules for TEs classification (Wicker et al. 2007 ). Finally, a step for the classification of elements into superfamilies was incorporated based on p-distances and clade bootstrap. The inferred amino acid sequences corresponding to the reverse transcriptase of the identified LTR retrotransposons were grouped with the insects LTR sequences available in GyDB. Multiple sequence alignments of the RT domains with LTR reference sequences of insects (Table S2 ) were performed to further classify the H. hampei elements by phylogenetic analyses. Figure 2b summarizes the methods and tools used for the de novo identification of non-LTR retrotransposons. First, the location coordinates of the LTR retrotransposons previously identified in the genome were masked to avoid hits with the RT domains already identified. Non-LTRs have been previously classified into clades or lineages (Malik et al. 1999) , and subsequently into different families; only two of the clades have a single domain encoding the RT (R2 and CRE clades), the others contain an additional coding region for an apyrimidinic endonuclease domain (APE). Other elements, such as those belonging to clade I, have an additional RNaseH domain; nevertheless, classification of non-LTRs has generally been based on the sequence for RT (Xiong and Eickbush 1990; Kapitonov et al. 2009 ). We then performed a search with hmmsearch (HMMER 3.0) (Eddy 2011 ) of the genomic sequences that hit the RT hidden Markov model profile EMBL: DS36752 calibrated with the program MGEScannonLTR (Rho and Tang 2009) as well as to the PF00078 Pfam profile (27.0) (Finn et al. 2014 ). This pHMMs search was performed against the ORFs extracted from the masked genome using the getorf tool from the EMBOSS v6.4.0.0 package. A minimum ORF size of 500 bp was considered to contemplate the APE domain (rank size between 600 and 800 bp in 97% of inspected non-LTR elements).
Non-LTR retrotransposons
The BLASTER algorithm (Quesneville et al. 2005 ) was implemented on all the scaffolds showing matches with the query domains already mentioned, allowing all-by-all alignments between sequences. This process helped defining the non-LTR boundaries. The BLASTER program can use either the WU-BLAST or NCBI-BLAST programs to compare a genome with itself to detect repeats; its binaries are distributed with the REPET pipeline (Flutre and Duprat 2011) . After clustering, hmmer and tBLASTn searches were implemented to define the three main groups of non-LTRs according to the presence of specific domains: only RT (CRE and R2 clades), RT + APE (Rex, L2, Jockey, CR1, L1, Rand and RTE clades) and RT + APE + RNaseH (Tad, I and R1 clades). The FASTA sequences and the pHMMs used were those reported by Malik et al. (1999) . The initial step in each element classification was based on several BLAST searches (BLASTn, tBLASTx and BLASTx) against the non-LTR retroelements deposited in Repbase (Jurka et al. 2005) . For each representative non-LTR clade, the identified RT amino acid sequence was submitted to the Genetic Information Research Institute server (GIRI) that hosts RTclass1, a tool that assigns an unclassified non-LTR retrotransposon to one of the known non-LTR retrotransposons clades based on phylogenetic analysis of the RT domain (Kapitonov et al. 2009 ). Multiple sequence alignments together with non-LTR reference sequences of insects (Table S2) were performed for further non-LTR retrotransposons classification of the H. hampei sequences by phylogenetic analyses.
Class II elements
We have used a methodology for the detection of DNA transposons based on the initial identification of nonautonomous elements, such as MITEs, in the genome. The general idea is that non-autonomous elements frequently outnumber their autonomous counterparts and that autonomous elements are lost from the genome, whereas non-autonomous elements persist. In addition, non-autonomous elements may not arise simply by deletions of the autonomous elements (Kapitonov et al. 2009 ) and strategies based on the detection of non-autonomous elements from their autonomous counterparts would result in an underestimation of non-autonomous elements by its allocation to a specific autonomous element (Jiang 2013) .
To identify non-autonomous elements, the program MITE-Hunter was used (Han and Wessler 2010) . This program was designed for identification of MITEs (Tourist and Stowaway elements) and other Class 2 non-autonomous elements containing terminal inverted repeats (TIRs). MITE-Hunter uses a search mechanism similar to that of other well-known programs such as FINDMITE and MUST (MITE Uncovering SysTem) that are based on locating of TIRs and TSDs in adjacent regions; however, MITE-Hunter has a subsequent filtering step for retrieving MITE candidates and their flanking sequences after distinguishing homology between candidate sequence and flanking sequences, thereby achieving a false positive rate of only 4.4% relative to the 85% or higher false positive rates obtained with the other programs. MITE-Hunter was used with default parameters with a maximal length threshold of 800 bp.
The candidates MITEs identified were further classified based on the structural features of DNA transposons. Visual inspection was performed to identify structural features that define the putative associated family, using less conservative judgment because of the draft state of this genome; thus, when a candidate MITE displayed several structural features of a given family (Jiang 2013) it was assigned to that family. Hence, to associate a MITE with the hAT elements, its sequence was required to meet one of the following conditions: a TSD = 8 bp; TIR size between 8 and 22 bp; or a terminal sequence (5′ … 3′) with nucleotides [CT]A … T [AG] . In the same way, to be associated with the CACTA elements, the criteria were TSD = 3 bp, TIR size between 12 and 28 bp or a terminal sequence ( We then used a searching strategy based on the finding of autonomous and long non-autonomous elements starting from the identification of the TIR homologies with short non-autonomous elements (MITEs) using the MITE Analysis Tool kit (MAK) (Yang and Hall 2003) . The input used corresponds to a set of "known" MITEs sequences (MITE-Hunter output); the -long and -anchor functions were used to identify both "long elements" (non-autonomous and non-MITEs >800 bp) and "anchor elements" (autonomous) that were identified by BLAST against transposase protein sequences extracted from RepBase (REPET pipeline edition:RepBase 18.08).
Four hundred fifty-one Pfam profiles related to transposase were used for hmmersearch against the genome; once identified by a hit with the Tpase motif, 5-kb sequence extension to the flanking regions was extracts and subsequently cluster the sequences to search for TIRs of each putative DNA transposon. The clustering process involved the all-by-all alignment of sequences with hits to Tpase previously identified using the BLASTER program and blastclust with the 80% rule. Finally, TIRs identification was performed by blast2seq, and the ORFs between TIRs were blasted against the conserved domain database (CDD) to verify the presence transposase-like domain in each element. The allocation of each type of element to a given superfamily was performed by CENSOR in the GIRI server (http://www.girinst.org/censor/), forcing a translated search of the sequences and considering the superfamily of elements in agreement with their masking scores to known repeats in Repbase. Multiple sequence alignments with DNA transposon reference sequences of insects (Table S2) were performed for further DNA transposon classification in the H. hampei by phylogenetic analyses.
Finally, for the Helitrons identification, a two-layered local combinational variable (LCV) tool HelitronScanner, was used. This tool scores 5′ and 3′ termini based on a training set of published Helitrons and merges the coordinates and scores for putative Helitron-like sequences (Xiong et al. 2014 ).
Transposable elements annotation
Determination of copy number, frequency, genomic coverage, divergence values and masking of H. hampei TE sequences were performed using the repeat library here generated and the H. hampei genome by RepeatMasker.
It is well known that events of retroelement amplification and LTR recombination are counteracting mechanisms related to genome size reduction and/or expansion. The unequal homologous recombination that generates the formation of solo LTRs can be identified by RepeatMasker as long as it is guaranteed in the input data. Therefore, each of the LTR elements has their LTR region independently counted of their internal region.
Phylogenetic analyses
Phylogenetic analyses were performed with MEGA5 (Tamura et al. 2011 ) using MAFFT (Katoh and Standley 2013 , http://mafft.cbrc.jp/alignment/server/) for multiple alignments construction using consensus sequences from H. hampei and reference sequences representing different lineages or families from other insect genomes. The progressive method with iterative refinement method (parameters G-INS-i) was used.
The MSA were visually inspected and the highly variable regions for which the positional homology could not be determined were manually excluded.
The trees were reconstructed using the neighbor joining (based on pairwise distances) and maximum likelihood (based on the best amino acid substitution models according to the lowest BIC scores-Bayesian Information Criterion) methods, as implemented in MEGA 5.0. The evolutionary distances were computed using the General Reverse Transcriptase + FrEq. method and are in the units of the number of amino acid substitutions per site. The identification of unambiguously aligned position was performed visually to retain the largest number of sites for phylogeny reconstruction. Bootstrap values for each branch were assessed from 1000 to 100 replicates for NJ and ML, respectively.
Results
Using systematic searching strategies based on both de novo and homology-based approaches, a TE reference library was created from the draft genome of the CBB variant prevalent in Colombia. The methodologies implemented led to the construction of a library consisting of 880 TE sequences, including Class I (LTR and non-LTR retrotransposons) and Class II elements (TIR elements, Helitrons and MITEs). The TE sequences annotated according to this library comprise 18,098,679 bp, or 8.29%, of the CBB genome (Table 1) .
Construction of the coffee berry borer repeat library
The use of multiple methods for identifying and annotating TEs is the only way to obtain reliable results, as different elements vary considerably in genetic structure and sequence (Quesneville et al. 2005; Permal et al. 2012; Hoen et al. 2015; Platt et al. 2016 ). We used different approaches and methodologies to identify each class and order of TEs present in the genome of this insect (Fig. 1) . LTR elements were identified using LTRharvest (Ellinghaus et al. 2008) , and internal sequences were annotated using LTRdigest (Steinbiss et al. 2009 ) with profile hidden Markov protein models. Simultaneously, open reading frames (ORFs) were identified and confirmed as transposition machinery-related domains (Fig. 2a) . Reverse transcriptase (RT), endonuclease and ribonuclease H domains were identified hierarchically, and alignment of the RT region was used to identify non-LTR retrotransposons. Classification of these sequences into different clades was performed using RTclass1 (Kapitonov et al. 2009 ), a tool for the automatic assignment of novel non-LTR retrotransposons to known or novel clades using phylogenetic analysis of RT domain protein sequences (Fig. 2b) . Non-autonomous DNA elements (MITEs and degraded DNA transposons) were identified by their TIRs and TSDs, which were later used for identification of autonomous counterparts based on the presence of the transposase domain. Specific software (HelitronScanner) was used for identifying Helitron-like sequences (Xiong et al. 2014) .
LTR retrotransposons identification
LTRharvest predicted the presence of 282 sequences harboring both LTRs, covering almost 1.24 Mb and with an average size of 4405 bp. The most frequent target size duplication identified (TSD) was the TTTT motif, which appeared 11 times, followed by ATAT (nine times), TTTA (eight times) and ATTT and TATA (seven times each). LTR retrotransposons superfamilies are defined by the presence of GAG complex plus the presence and order of coding regions for retrotransposition enzymes, and the automated annotation of these internal features inside the identified LTR retrotransposons was performed using LTRdigest. A total of 113 sequences that hit at least one hidden Markov Phylogenetic analyses by both neighbor joining (data not shown) and maximum likelihood using sequences presenting full-length RTs (42 Gypsy, 20 Bel-Pao and 6 Copia, as one of the identified sequences was truncated at the N terminus, and therefore not used in the alignment), together with published reference sequences (accession numbers are listed in Table S2 ), were performed to further classify the sequences of each superfamily into different clades, families and subfamilies. This phylogenetic analysis corroborated the classification of the LTR retrotransposons obtained by de novo methodology. The LTR sequences identified in the CBB genome (belonging to Gypsy, PaoBel and Copia) clustered together with the respective reference sequences in insects (Table S2) , with highly supported bootstrap values (Figs. 3, 4, 5) .
Gypsy elements in insects have been previously classified into five distinct clades (Mag, Mdg1, Mdg3, Gypsy and CsRn1) . The 42 Gypsy sequences spanning the entire RT domain (177 aa) identified in H. hampei together with 44 reference sequences representing the Gypsy clades described thus far and two outgroup sequences were aligned and used in phylogenetic analyses (Fig. 3 ). The Gypsy sequences in H. hampei are highly divergent and could be classified into four of the previously characterized clades: one sequence belongs to the Mag clade, four to Gypsy, eight to Mdg3 and 13 to CsRn1. We also identified figure online) 14 sequences clustering together, with high bootstrap value and separately from any other previously characterized Gypsy family (Fig. 3, red dots) . The overall average identity in the RT region for all the sequences in this clade is higher than 90%, indicating that they constitute a specific GypsyHha lineage that we propose to be called Hypo.
Two other sequences (Gypsy63-Hha and Gypsy50-Hha, brown dots in Fig. 3) do not cluster either with other members of this superfamily or with each other indicating that they also might represent specific Gypsy families in the CBB genome, although we cannot rule this possibility out, with such a limited number of sequences.
The Bel-Pao superfamily has been previously classified into seven discrete lineages or clades (Pao, Sinbad, Bel, Tas, Suzu, Flow and Dan) , which tend to cluster according to host species phylogeny (Copeland et al. 2005 ; de la Chaux and Wagner 2011). We identified 20 Bel-Pao sequences corresponding to full-length RT (213 aa) that were aligned to 37 reference sequences matching the seven described clades (accession numbers are listed in Table S2 ). One sequence each of Gypsy and Copia were used as outgroup retrotransposons. The great majority of the sequences in H. hampei belong to the Bel clades (19/20), whereas only one corresponds to the Tas clade (Fig. 4) . Finally, six sequences spanning the full-length RT domain (246 aa) corresponding to the Copia superfamily in H. hampei were aligned to a set of 37 Copia reference sequences from insects (accession numbers are listed in Table S2 ). The ML tree suggests that the Copia elements in H. hampei are not monophyletic; these elements do not cluster with significant bootstrap values that allow robust classification with any of the reference sequences (Fig. 5) . To our knowledge, the Copia superfamily in insects has not been formally classified into different families or clades. In our phylogeny, the elements used as references clustered into at least five different groups, one of which corresponds only to Drosophila sequences, whereas the others contain a mixture of sequences belonging to various mosquito species. Some of the LTR elements described herein present extremely long LTRs (>1000 nt) in comparison to the LTR length values found in already characterized LTR elements. This was observed in three Bel sequences (Bel15-Hha, Bel16-Hha and Bel21-Hha) with LTRs sizes of 4389, 1261 and 2393 nt, respectively, two Gypsys (Gypsy53-Hha and Gypsy60-Hha) belonging to the CsRn1 clade, with LTR sizes of 2174 and 1751 nt, respectively, and five Hypo sequences (Hypo11-Hha, Hypo12-Hha, Hypo14-Hha, Hypo17-Hha and Hypo9-Hha) with LTRs ranging from 1019 to 2145 nt (Table S1) . A closer analysis of these sequences showed the presence of ORFs and specific TEs conserved domains (Table S1-A). A closer analysis of these sequences showed the presence of ORFs and specific TEs conserved domains within the so-called LTRs (Table S1 -A). The presence of PeptidaseA17, RVE, RT and RH domains clearly indicates that these sequences represent nested elements, i.e., pre-existing TEs with secondary TE insertions, and not LTRs as were originally described by our methodology. Although present in many species, nested TEs are relatively less abundant than non-nested TEs. A general TE assessment to detect nested TEs using available databases showed the occurrence of 6% nested TEs: 802 of a total of 11,329 TEs inserted into 690 host TEs (Gao et al. 2012) .
In addition to sequences containing direct repeats, two DIRS-like elements were identified and included in the CBB repeat library. Members of this order contain the unusual features of a tyrosine recombinase instead of an integrase, and their termini resemble either split direct repeats (SDRs) or inverted repeats, indicating an integration mechanism different from that of LTRs and LINEs. Nevertheless, their reverse transcriptase gene places them in Class I. Members of this order have been detected in diverse species, ranging from green algae to animals and fungi (Goodwin and Poulter 2004).
Non-LTR retrotransposons identification
In an initial search, protein sequences homologous to reverse transcriptase (pHMMs PF00078 and DS36752) were found in 1038 scaffolds. MATCHER software performed defragmentation of 1,045 sequences that together with 1456 sequences recovered by PILER and RECON, were saved in a FASTA file. Finally, a clustering process of the sequences identified by MATCHER, RECON and PILER resulted in 1,903 sequences with 100% identity. These sequences were further filtered with a 1-kb threshold, resulting in 995 representative sequences that correspond to non-LTRs. A hierarchical tBLASTn search for additional domains (APE and RNaseH) in scaffolds with homology to RT identified 273 scaffolds with APE hits, resulting in 259 unique sequences in the genome with RT + APE structure, which is characteristic of non-LTR retrotransposons. A total of 171 assembled sequences were discarded because they only hit the APE and/or the RNaseH domain, and therefore lack the main protein domain corresponding to reverse transcriptase. The MSA were visually inspected and highly variable regions for which the positional homology could not be clearly determined, were excluded. The phylogeny was inferred using the maximum likelihood method with 100 bootstrapping resamplings (values over 70% are shown) as implemented in MEGA5. The evolutionary distances were computed using the General Reverse Transcriptase + FrEq. method [2] and are in the units of the number of amino acid substitutions per site. The analysis involved 45 amino acid sequences. All positions with less than 0% site coverage were eliminated. That is, fewer than 100% alignment gaps, missing data, and ambiguous bases were allowed at any position. There were a total of 241 positions in the final dataset. Different color lines were used to indicate different lineages according to the criteria of bootstrap values higher than 70. Red dots were used to represent the sequences isolated from H. hampei. (Color figure online) A restricted hidden Markov model search (e value <1 × 10 −03 ) implemented with model profiles for RT (DS36752) and APE (DS36736) enzymes resulted in 138 sequences that hit only the RT domain and 106 sequences that hit RT + APE domains. These sequences were searched against non-LTR elements in Repbase using tBLASTx, tBLASTn and BLASTx. This approach enabled a preliminary classification of the elements into clades based on the three types of BLAST evidence. Finally, 80 representative sequences of non-LTR retrotransposons distributed in the Jockey, I/Nimb, CR1, Kiri, Daphne, R2 and R4 clades were clustered using Wicker's criterion.
The results of classification based on the phylogenetic relationships among 65 sequences spanning full-length (196 aa) or nearly full-length RT from H. hampei and 54 reference sequences (Table S2 ) permitted the identification of sequences belonging to most of the previously identified clades described in insects (eight out of twelve, i.e., R1: 26 sequences; Jockey: 11 sequences; I/Nimb: 6 sequences; CR1: 6 sequences; Kiri: 6 sequences; Daphne, R2 and R4: 1 sequence each) (Biedler and Tu 2006) (Fig. 6 ; Table S1-B), indicating a high diversity of non-LTR retrotransposons in this species. Moreover, we identified seven sequences (classified as clade I according to tBLASTn) representing a novel non-LTR clade, which we named Hamp. These sequences, shown in orange in Fig. 6 , cluster together in a monophyletic clade (bootstrap value 100%) apart from the sequences clearly classified in previously described non-LTR clades. 
DNA transposons identification
The search for DNA transposons resulted in 48 sequences classified as TIR elements (DNA transposon subclass 1), 66 as Helitron-like sequences and 488 as MITEs (Table S1D) . Most of the DNA transposons from the TIR order belong to the superfamily Tc1-mariner, a result that is not surprising considering that this superfamily is present in all eukaryotes and can be successfully horizontally transferred between species, thereby ensuring its persistence and ubiquity. Other identified elements correspond to the Merlin (3), P-element (3), PiggyBAC (2), hAT (2) and PIF-Harbinger (1) superfamilies (Table S1-C). The structure-based approach to identify Helitrons resulted in the inclusion of 66 sequences in the repeat library (Table S1-E). A multiple sequence alignment was performed with 33 Tc1-mariner-like sequences covering the full-length transposase domain (114 aa) and 81 reference sequences corresponding to Tc1, mariner, Pogo and rosa families previously described in this superfamily (Table S2 ). The alignment spanning over 180 aa positions was used for neighbor joining (data not shown) and maximum likelihood phylogenetic (Fig. 7) analyses. The resulting phylogenies indicated the presence of three groups of sequences corresponding to the Tc1 (14 sequences), Pogo (5 sequences) and rosa (14 sequences) families. Conversely, no sequences Fig. 7 Phylogenetic relationships of 33 consensus sequences spanning the transposase domain from H. hampei and 81 reference sequences from the Pogo, Tc1, mariner, rosa and Lsra families. The MSA were visually inspected and highly variable regions for which the positional homology could not be clearly determined, were excluded. The phylogeny was inferred using the maximum likelihood method with 100 bootstrapping resamplings (values over 70% are shown) as implemented in MEGA5. The evolutionary distances were computed using the General Reverse Transcriptase + Freq. method and are in the units of the number of amino acid substitutions per site. The analysis involved 114 amino acid sequences. There were a total of 195 positions in the final dataset. Different color lines were used to indicate different families within the Class II as follows: dark blue: Pogo; light green: Tc1; red: Lsra; dark blue: rosa. Colored dots were used to represent the sequences isolated from H. hampei. All the other sequences correspond to the subfamilies within the mariner family. (Color figure online) belonging to the mariner family were identified. The rosa monophyletic group has been proposed as a basal subfamily of the mariner family (Gomulski et al. 2001) .
Using a broader set of reference sequences from other insects, we identified a unique sequence, rosa-3-Hha, clustering with the rosa reference sequences, with a high bootstrap value (95%), and 13 sequences clustering together with Lsra sequences, recently described as a novel sister clade of the rosa subfamily (Zhang and Shen 2016) . The main distinguishing characteristics of the Lsra elements are the D,D41D motif, a variant of the D,D34D catalytic domain of mariner elements, and large TIRs (ranging from 35 to 1878 bp); in contrast, rosa elements have shorter TIRs (28-45 bp). The Lsra sequences in H. hampei harbor the D,D41D motif (Fig. 8) and long TIRs ranging from 133 to 708 nt. For comparison, the only rosa sequence identified in this study contains TIRs of 33 nt, within the range of the reference rosa TIRs. The TIR sequences of the Lsra elements in H. hampei do not show sequence conservation.
A search for MITEs performed with MITE-Hunter resulted in 104 sequences grouped into 38 families of 2-12 members. In addition, 384 singlet sequences were found (Table S1 -D). Most of the families were identified as related to the Tc1-mariner superfamily (Charlesworth and Langley 1986) . Three families are related to MULE, one to Pif-Pong-Tourist and one to CATCA. Finally, one family was classified as unknown. A total of 46 long elements share the same terminal inverted repeat with a particular MITE; 19 of these match the transposase domain and most likely represent autonomous elements associated with only five of the MITE families identified here.
In total, 13 long coding elements related to MITEs do not belong to any known family or singlet sequence.
Annotation of TEs
A total of 75,170 matches against the repeat library were detected in the CBB genome, occupying at least 18.1 Mb, or 8.27%, of the total draft sequence ( Fig. 9; Table 1 ). For Class I elements, LTRs correspond to 16.7% of the annotated TEs, DIRS to only 1.37% and LINEs to 10.65%, for a total TE content of 27.5%. For Class II elements, TIRs correspond to 13.8%, Helitrons to 9.62% and MITES to 49.24%, for a total TE content of 76.25%. 
LTR retrotransposons
We analyzed the proportion of the genome corresponding to complete or fragmented LTR retrotransposons; this portion corresponded to ~3.3 Mb, equivalent to 1.38% of the total genome assembly, distributed among 2,823 scaffolds. The divergence levels of the LTR retrotransposon copies, which were approximately 19% (substitutions in matching regions compared to the consensus), were similar for the three superfamilies (Gypsy, Bel-Pao and Copia) , and indels were close to 2% (Table 1 ). The Gypsy elements account for the most important LTR fraction, corresponding to 1.08% of the genome; Bel-Pao sequences account for 0.24% and Copia only 0.06%. The most numerous families are Copia-6, with 21 fragments detected, Gypsy-41 and Gypsy-31, with 17 copies each, followed by Gypsy-3 with 15 copies, Bel-3 with 13 and Gypsy-52 and Gypsy-53 with 12 copies each. Forty-two solo LTRs, i.e., sequences representing one or both flanking LTRs, were identified; 35 of these correspond to Gypsy, four to Bel-Pao and three to Copia.
Non-LTR retrotransposons
H. hampei harbors a high diversity of elements belonging to the main clades of non-LTR retrotransposons (approximately 1.7 Mb distributed among 972 scaffolds corresponding to 0.76% of the genome). The most abundant elements belong to the R1 and Jockey clades, with 301 and 110 copies, respectively. The copies show divergence values of up to 40%, with R1 and Jockey elements being the most divergent and R4 and Kiri less divergent elements (less than 20%). As expected for dead-on-arrival elements, most of the non-LTR families/clades identified are fragmented, and therefore inactive. Nevertheless, several representative sequences of various clades were found in more than one complete copy, with low divergence. Jockey elements are represented by 13 putative complete copies corresponding to different families; also, 47 complete copies corresponding to the R1 clade were identified, with the most abundant families corresponding to R1-29 (eight copies) and R1-18 (five copies). Another clade displaying a high number of complete copies was Nimb, with 14 sequences distributed among different families. Considering that the diversity of non-LTR families in Anopheles gambiae, including 31 families in clade CR1, 25 in Jockey and 16 in R1, is reported as being unprecedented (Biedler and Tu 2003) , the non-LTR diversity in the CBB genome is outstanding. Our approach also allowed the identification of a novel non-LTR clade called Hamp. It is important to note that the complete copies mentioned above display remarkable ORF integrity and low divergence (less than 20% for most of them). These findings suggest that transpositional activity from a source element may have occurred recently in these clades. Our analysis provided no evidence of the existence of SINEs in the genome of H. hampei.
DNA transposons
DNA transposons consist of 9499 regions distributed among 3955 different scaffolds (approximately 2.5 Mb of the CBB genome assembly), occupying 1.94% of the genome. The divergence levels are 20.5% for TIR elements and 22.5% for Helitrons (Table 1 ). The Tc1-mariner superfamily exceeds the other superfamilies by fivefold. The large content of highly fragmented Class II elements is an expected finding because nucleotide loss is the main cause of vertical inactivation in this class. The great diversity of elements and the gradient in the degree of conservation and/or deterioration suggest a distant ancestry for many Tc1-mariner elements. The content of Helitron-like sequence covers approximately 1.4 Mb of the H. hampei genome assembly, occupying 3551 scaffolds and corresponding to 9% of the total TE content. Of the 8,158 total matches, only 879 could be considered putative Helitronlike sequences.
MITEs
MITEs constitute a large proportion of the total TE content of the H. hampei genome and globally represents 4.08% of the genome. The total number of hits was 48,321, distributed among 9605 scaffolds. Two superfamilies are represented by more than 1000 fragments (F29 and F16), with the F29.2 family being the most abundant (2018 fragments) and classified as unknown. The F16 family, which is associated with Tc1-mariner, is the second most abundant. A total of 172 complete copies (>90% of the reference) of the F16.7 family were found throughout the genome, and more than 100 of these are 100% intact copies. This may suggest high cross-mobilization inside this superfamily; however, for the DNA transposon repeat library, no associated full-length copies were found as counterparts that could be responsible for their mobilization.
Discussion
Implementation of a systematic analysis for estimating the total content of TEs resulted in an efficient strategy. To date, this is the most complete characterization of the TEs content of a coleopteran genome. A total of 75,170 matches against the TE repeat library were detected in the H. hampei genome, occupying at least 18.1 Mb, or 8.2%, of the total draft sequence. The TE content varies among insect genomes by more than an order of magnitude. In Drosophila, the values range from ~2. 7% in D. simulans, D. pseudoobscura and D. grimshawi to 25% in D. ananassae (Clark and Eisen 2007) . For coleopteran sequenced genomes, the TE content is equally variable, ranging from 5 to 6% (Richards and Gibbs 2008; Wang and Lorenzen 2008) in Tribolium castaneum, 15.4% in Dendroctonus ponderosae (Keeling et al. 2013) and to 29.2% in Oryctes borbonicus (Meyer and Markov 2016) . It should be noted that these TE annotations did not include MITEs. Moreover, TE annotation of 16 Anopheline mosquito genomes, including MITE annotation, showed variation of the same order of magnitude for the total TE content, from 2.29% (Anopheles darlingi, Marinotti et al. 2013 ) to 17.78% (A. gambiae, Neafsey et al. 2014) . Hence, the TE occupancy of the H. hampei genome is within the lower range of that of other insects.
Why species harbor different proportions of TEs has been a matter of debate, but it has been proposed to be mainly related to the reproductive characteristics and population size of the host (Kidwell 1977; Wrigth and Finnegan 2001) . Sexual reproduction and outcrossing provide TEs with a means of spreading to all individuals in a population, but in asexual organisms, the rates of infection between different lines are reduced preventing or hampering the spread of TEs (Hickey 1982; Arkhipova and Meselson 2000) . Due to the negative fitness consequences associated with TE insertions in coding and regulatory regions, selection against TE may be less effective in smaller populations (Brookfield and Badge 1997) and the fraction of TEs capable of drifting to fixation must decline with increasing N e . Nevertheless, specialized species with small population size may also harbor low TE copy numbers (Capy et al. 1992; Granzotto et al. 2009 ). The coffee berry borer CBB presents particularities regarding both the reproductive characteristics and the population size that may be related to low TE content. Its functional haplodiploidy, in which males have a condensed, probably non-functional chromosome set (Brun et al. 1995) that is not transmitted to the next generation (Borsa and Kjellberg 1996) could partly prevent the spread of transposable elements, likewise in asexual populations. Population size variation along the CBB evolutionary history, associated to its introduction into the Americas, with possible founder effect, as well as to fluctuations along the years according to local coffee bean densities (Bustillo 2006) can have also played a role, reducing the total amount of TEs in nowadays CBB populations.
Novel TE families
Based on our library, we propose the existence of three novel families in the CBB genome, two belonging to Class I, Hypo and Hamp and rosa belonging to Class II. The two Class I families consist of completely new, undescribed sequences. Hypo, represented in our library by 14 sequences, belongs to the LTR Gypsy superfamily, and Hamp, represented by seven sequences, belongs to the non-LTR order. Each group of sequences cluster together in monophyletic clades (bootstrap values over 99%) apart from sequences clearly classified within the Gypsy superfamily and non-LTRs, respectively.
We also propose the creation of a family named rosa. The clade rosa was originally created using sequences of Tc1-mariner elements found in Tephritidae fruit flies (Ceratitis rosa, C. capitata, Anastrepha ludens, A. suspense and Bactrocera tryoni) as well as in D. melanogaster (Gomulski et al. 2001) . Since this group of sequences clusters basally to mariner sequences, the authors proposed this clade as a divergent subfamily of the mariner family. Here, using a broader set of reference sequences from other insects, we identified two reciprocally monophyletic groups of rosa-like sequences (bootstrap: 98%): one composed of sequences previously identified as rosa and the CBB rosa-3-Hha sequence (bootstrap: 95%) and other composed of 14 Lsra sequences recently described in insects (Zhang and Shen 2016 ) and 13 Lsra sequences of H. hampei (bootstrap: 81%). The proposal to consider rosa as a bona fide family of Tc1-mariner is supported by its monophyly and due to the presence of conserved transposase catalytic domain with the D,D41D motif. Moreover, the sharing of short TIRs by the rosa clade and long TIRs by the Lsra clade and their reciprocal monophyly support this proposal as two bona fide subfamilies within the rosa family. We followed the law of priority for scientific classification and maintain the name rosa for the new family as well as for the previously described subfamily.
Rank-order abundances of TEs
In insect genomes, the proportion of different TE classes, orders and superfamilies varies as much as the total TE content. Using again the example of the rank order of TE abundance in genome with the two extreme TE contents in Anophelines, A. darlingi (Marinotti et al. 2013) and A. gambiae (Neafsey et al. 2014) , both contain more Class I than Class II elements. However, these genomes differ in the order of their abundances (A. darlingi: nonLTRs > MITEs > LTRs > DNA transposons; A. gambiae: LTRs > MITEs > non-LTRs > DNA transposons). The content of MITEs in particular is also highly variable. As two extreme examples, Class II elements (3.55%) surpass Class I (2.07%) in the genome of the kissing bug Rhodnius prolixus (5.62% total TE content), and the majority of Class II elements belong to the mariner family (2.66%) of the Tc1-mariner superfamily, with MITEs corresponding to only 14% of this percentage (Fernandez-Medina et al. 2016; Mesquita et al. 2015) . In contrast, although 1 3
Class II elements (19.5%) also surpass Class I (8.5%) in the mosquito Culex quinquefasciatus (28% of TEs), MITEs correspond to 87% of the Class II content (Arensburger et al. 2010) .
In the CBB genome, the Class II content is threefold higher (6.02%) than the Class I (2.25%). The Class I elements surpass Class II when MITE elements are not considered (Fig. S1) . Thus, for comparison with published genomes, we might analyze the rank-order abundance of TEs in CBB in two ways, including and not including MITES. When including MITEs, the order is MITEs > DNA transposons > LTRS > non-LTRs (Fig. 9) ; when not including MITEs, the order is DNA transposons > LTRs > non-LTRS (Fig. S1) . Regardless, Class II elements are the main bulk of the H. hampei TE content, as in the above comparisons, and members of the Tc1-mariner superfamily together with MITEs comprise the main fraction.
Our strategy of first identifying non-autonomous DNA elements (according to the criteria of their TIRs and TSD sequences) gains importance because the number of MITEs present in this genome would have otherwise been seriously underestimated. Although the MITE sequences identified in the CBB genome do not appear to have been derived from autonomous DNA transposons, they have clearly been successful in their persistence in this genome. It is known that co-evolution between transposases and TIR sequences occurs, and any changes in transposase sequence are most likely accompanied by changes in TIR sequences (Feschotte et al. 2003; Lampe et al. 2001) . Therefore, it is suggested that cross-mobilization is inefficient to a certain degree of identity (Lampe et al. 2001) . Despite the great diversity of Tc1-mariner elements in the H. hampei genome, it is possible that ancient DNA transposons have been lost or inactivated due to loss of some of the TIRs (a possible reason why they were not structurally identified). Nevertheless, the existence of some transposases belonging to unknown elements that target sequence motifs in MITEs might enhance their cross-mobilization and amplification (Fattash et al. 2013) . Finally, the large proportion of MITEs compared to the TE content found in the H. hampei genome could have originated de novo from rearrangements of palindromic sequences, which are common in eukaryotes (Feschotte et al. 2003) .
The causes (or even the consequences) of the high degree of variability in the distribution, amount and relative proportion of TEs in different genomes are not well understood. However, it is still important to keep on characterizing this important fraction of eukaryotic genomes, since they can bring light into evolutionary phenomena and genomic rearrangements that have occurred in the past.
Concluding remarks
Despite its low TE content, the H. hampei genome presents a high diversity of TE superfamilies. Although most of the sequences appear to be degenerate, a few elements are present in at least one copy with an intact structure, suggesting recent transposition and consequently activity. Our study is the first contribution to the knowledge of the composition of this genomic fraction of the coffee berry borer. However, further studies are necessary to elucidate the functional relationship of TEs to the evolution of the H. hampei genome and to determine whether insertional variation of TEs at the inter-population level exists and whether these sequences can be used as new genetic markers in innovative pest control strategies.
